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Abstract

Cholesterol is an essential component of animal cell membranes because it
influences and controls cell membrane fluidity. Cholesterol is also responsi-
ble for the most frequent lethal pathologies in developed countries because
of its intimate association with atherosclerotic plaques, the rupture of which
may cause heart attacks or strokes. The question is under which conditions
cholesterol activity manifests itself, whether in physiology or in pathology.
The answer is complex, and there is probably not one certain answer. This
review article has its foundations in abundant published knowledge and evi-
dence, but it cannot possibly be comprehensive, because the extent of choles-
terol’s involvement in chemistry, biology, biophysics, and medicine is so vast
that we cannot embrace it all.We review cholesterol as a molecule and in its
various crystalline polymorphs.We then examine cholesterol assembly path-
ways and, finally, cholesterol in biology and in pathology. We propose that
cholesterol activity depends on its assembly states in cholesterol crystals or
with other lipids in the form of more-or-less organized crystalline domains.
In other words, we analyze cholesterol material properties because the as-
sembly state of the cholesterol molecules profoundly affects the properties
of the environment in which they reside.
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INTRODUCTION

Our instinctive perception of cholesterol inevitably associates it with pathology. Indeed, even the
etymology of the word cholesterol, from the Greek chole, meaning bile, and stereos, meaning
solid, relates to pathology; that is, cholesterol is the solid that may precipitate from bile. The
discovery of cholesterol dates back to approximately the 1760s, when François Poulletier de la
Salle, a French chemist, isolated cholesterol crystals from gallstones (never published but cited in
References 1–3, amongmany others).Michel-Eugène Chevreul named the substance cholesterine
in 1815, and the name changed to cholesterol after the compound was found to be a secondary
alcohol (1, 4).

Felix Boudet, in his 1833memoir in theAnnales de Chimie et de Physique, described his discovery
of cholesterol in blood. Boudet (5, pp. 340–42) writes,

Treating with cold alcohol the alcoholic extract of serum, I separated a substance that soon deposited
at the bottom of the solution in the form of small crystalline plates very similar to cholesterine. . . .
I consulted with M. Chevreul, . . . and following his advice I performed comparative assays between
the putative cholesterine isolated from human blood and samples of pure cholesterine extracted from
biliary stones . . . . In the previous experiments, the material from blood differentiated from that from
biliary stones because of its flaky state and the total absence of crystalline shine, apparently because of
the presence of mixed phospholipids. . . . Notwithstanding some differences, I limit myself to signal
the existence of cholesterine in blood as extremely probable, although it still needs confirmation on a
larger scale.

These early testimonies refer to cholesterol as a material, present in not only pathological but
also physiological conditions, distinguishable from other components of blood because of the crys-
tals it forms. Boudet and Chevreul also discovered that cholesterol often appears in conjunction
with phospholipids, specifically in the brain, and that the characteristics of cholesterol are not so
different from those of the phospholipids that it likes to mix with. These initial observations en-
compass themost important characteristics of cholesterol as amaterial as well as the characteristics
that establish its functions and allow it to fulfill them.

Little did Boudet know that he had discovered themost abundant animal sterol in blood plasma
and body tissues, especially in the liver and brain. To stress the importance of cholesterol and its
complexity, suffice it to mention here that Konrad Bloch and Feodor Lynen shared the Nobel
Prize in Medicine in 1964 for their discovery of how cholesterol develops from acetic acid via a
complex sequence of 36 biochemical reactions (6, 7).

In the laboratory, pure cholesterol appears mainly as a crystalline material. The small, transpar-
ent, prismatic crystals deposited from supersaturated acetone solutions do not differ from many
other crystalline materials that we encounter in the lab. Together with phospholipids, however,
cholesterol changes the properties of the medium with which it interacts, creating a new material
with different properties.

When cholesterol deposits pathologically, the material transitions between different crystalline
forms with different materials characteristics. In atherosclerotic plaques or in gallstones, the fi-
nal aggregated, plate-like crystals give rise to materials with properties that must be addressed
when treating these diseases. Considering the above, we discuss cholesterol as a material at the
borderline between physiology and pathology.

CHOLESTEROL: THE MOLECULE

Cholesterol is a relatively large molecule with the formula C27H46O, consisting of three alicyclic
six-membered rings and one five-membered ring fused together (the typical backbone structure
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(a) Cholesterol’s structural formula. The molecule has eight chiral centers at C-3, C-8, C-9, C-10, C-13, C-14, C-17, and C-20, such
that the complete formula is (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R)-6-methylheptan-2-yl]-2,3,4,7,8,9,11,12,14,15,16,
17-dodecahydro-1H-cyclopenta[a]phenanthren-3-ol. (b) Model of the cholesterol molecule as Dorothy Crowfoot Hodgkin derived it
from the cholesteryl iodide structure. Panel b reproduced with permission from Reference 8.

of sterols) and an additional aliphatic tail, forming a rigid, hydrophobic molecule (Figure 1a). The
hydroxyl group in position 3 of themolecule is the only hydrophilicmoiety.Due to its hydrophobic
nature, the cholesterol molecule is practically insoluble in water (its solubility in aqueous solutions
is 67 nM) (9) and thus needs to dissolve in hydrophobic environments. Cholesterol achieves this
in biological systems through incorporation into lipid membranes, in complex formations with
bile salts in the liver, or with lipoproteins in blood (10, 11).

Carlisle & Crowfoot (8) (later Hodgkin) determined the complex structure of the sterol skele-
ton in cholesteryl iodide in 1942 and published it in 1945 (Figure 1b). They wrote (p. 64),

The present X-ray analysis of cholesteryl iodide (I) is an attempt to determine the detailed structure of
the sterol skeleton. . . . It is the natural continuation of the crystallographic measurements on sterols
begun by J. D. Bernal in 1932 and illustrates some of the general problems involved in the . . . deter-
mination of the chemical structure of complex organic molecules. . . . There still remain problems in
detail, particularly of stereochemistry, which need further investigation.

Indeed, the cholesterol molecule has a very complex stereochemistry, with eight chiral centers
(Figure 1a). This means that the cholesterol molecule has 28 possible stereoisomers, suggesting
that theoretically there are 256 different molecules with the same formula and backbone as choles-
terol but presumably with vastly different properties (12). Of these 256 possible stereoisomers,
virtually only one occurs in nature (epicholesterol exists but is extremely rare). It is interesting to
consider how the chirality and stereochemistry of cholesterol may influence its interactions with
the environment. In cholesterol, the chiral centers are distributed so that by and large themolecule
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assumes a 17-Å long, 6-Å wide, remarkably linear shape with a flat asymmetric structure defined by
a planar side and a rough side, where the methyl moieties emerge (Figure 1b) (13, 14). This three-
dimensional (3D), elongated, quasi-cylindrical shape makes cholesterol molecules particularly apt
to intercalate between the hydrophobic phospholipid chains in cell membranes. The hydropho-
bic region intercalates within the fatty-acid chains of the lipids in the cell membrane, whereas the
hydroxyl group points toward the water molecules surrounding the membrane. Phospholipids in
particular have large hydrophilic head groups relative to their slim hydrophobic bodies, composed
of aliphatic chains, whereas cholesterol has a small hydrophilic head and a large, rigid hydropho-
bic body (Figure 1a). Because of its hydrophobic nature, its stereochemistry, and its volume and
geometry, the cholesterol molecule interacts favorably with saturated glycerophospholipids and
especially with sphingolipids in the cell plasma membrane and other cellular membranes. This
property makes cholesterol an important factor for regulating cell membrane fluidity, stabiliz-
ing the membranes, and preventing phospholipid crystallization (7). It is evident that different
stereoisomers with altered geometries would interact differently with cell membranes. There is
also evidence that cholesterol and its enantiomer, ent-cholesterol, influence the properties of lipid
membranes differently (15).

To fulfill its functions in the regulation of membrane properties, cholesterol molecules must
reach all the cells in the organism (16). For this purpose, cholesterol molecules are transported
in the blood by low-density lipoproteins (LDLs) in the form of cholesterol and cholesterol ester.
Excess cholesterol may be stored in the cell in lipid droplets, which are predominantly composed
of cholesterol and its ester, or can be removed from the cells back into the blood flow by high-
density lipoproteins (HDLs). Excess cholesterol, however, can crystallize, forming deposits in the
artery walls or stones in the gall bladder. Once deposited, cholesterol crystals are very difficult
to dissolve in the aqueous environment predominating inside the organism and thus give rise to
pathological conditions that may be life threatening (17).

CRYSTALS AND CRYSTAL STRUCTURES

Five structures of cholesterol and hydrated cholesterol crystals have been determined so far. The
best-known cholesterol crystal structure is the triclinic cholesterol monohydrate determined by
Craven (18) in 1976, more than 30 years after Dorothy Hodgkin’s determination of the X-ray
structure of cholesteryl iodide (Figure 2a). The relatively late determination of the structure was
due to the complexity not only of the molecule but also of the crystal structure: The space group
is triclinic P1, with eight independent molecules/unit cell (a = 12.39 Å, b = 12.41 Å, c = 34.36 Å,
α = 91.9°, β = 98.1°, γ = 100.8°). The unit cell thus contains 616 atoms, making it the size of a
small protein. In 1977, the determination of the cholesterol monohydrate triclinic structure was
followed by the determination of the anhydrous cholesterol structure, which is also triclinic P1
with eight molecules/unit cell (a = 14.17 Å, b = 34.20 Å, c = 10.48 Å, α = 94.64°, β = 90.67°, and
γ = 96.32°) (Figure 2c) (19). The anhydrous cholesterol crystals were obtained from acetone in
the absence of water.

In 2005, Solomonov et al. (20) determined the structure of a monoclinic polymorph of choles-
terol monohydrate, which forms from compressed monolayers of cholesterol transforming into
multilayers at the air–water interface (Figure 2b). The monoclinic form has eight molecules/unit
cell (a = 10.15 Å, b = 7.57 Å, c = 68.20 Å, α = 90.0°, β = 94.8°, γ = 90.0°), but because of the
higher symmetry, there are two molecules/asymmetric unit. Talmon, Konikoff & colleagues (21)
detected the same crystal structure in cholesterol crystals nucleating from bile acid mixtures.

Next, we analyze the similarities and differences between the three structures, trying to derive
conclusions about their growth patterns and stabilities. In all three structures, the cholesterol
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Packing arrangement of cholesterol in four out of five known crystal structures (18–20, 22). The far right of each panel shows images of
the respective crystals. (a) Triclinic cholesterol monohydrate packing arrangement viewed along the b axis (left); two unit cells,
corresponding to two bilayers, are represented along the c axis, whereas only half a unit cell is represented along the b axis. On the right
is a view along the c axis of the hydrogen-bonding pattern. (b) Monoclinic cholesterol monohydrate viewed along the b axis, and the
hydrogen-bonding pattern viewed along the c-axis. Note that there are two hydrogen-bonding patterns in the two bilayers, only one of
which is shown. (c) Triclinic cholesterol anhydrous viewed along the a axis and the hydrogen-bonding pattern viewed along the b axis.
Note that the two line motifs of hydrogen bonds are on two different planes. (d) Monoclinic cholesterol hemihydrate. The cholesterol
molecules pack in bilayers, but within each bilayer, neighboring molecules have opposite orientations, in contrast to the previous
structures. Two line motifs of hydrogen-bonded molecules form at two different levels. The hemihydrate crystals are 2.3 mm long and
0.2 mm wide on average. The crystal image in panel d was kindly provided by M.B Al-Handawi and P. Naumov from NYU Abu Dhabi.

molecules pack in bilayers (Figure 2). Layers of cholesterol molecules interacting through hydro-
gen bonds between their hydrophilic heads (and with intercalated water molecules, when present)
alternate with layers of molecules interacting through their hydrophobic tails. In general, all three
crystal structures, and the two triclinic ones in particular, are complicated because of the tension
between the formation of hydrogen bonds at the hydrophilic interface and the establishment of
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viable hydrophobic contacts between the backbones and side chains. A compromise must be
reached, which translates in the triclinic structures into a lack of symmetry and the complex spatial
relations of the rigid backbones. Because of constraints arising from the rigid cholesterol alicyclic
ring structure, in the anhydrous cholesterol structure, there cannot be hydrogen bonds between
molecules within the same layer. Hydrogen bonds are therefore established between molecules
in two juxtaposed layers, and the hydrogen-bonding pattern is distorted into two different
one-dimensional chains at two different levels (Figure 2c). In the monohydrate structures, the
intercalated water molecules relieve the spatial constraints. The hydrogen bonding networks can
develop into two-dimensional (2D) planar patterns spanning the hydrophilic interface, and for
this reason, the monohydrate structures are favored in the presence of even minimal amounts of
water (Figure 2a,b).

The monoclinic cholesterol monohydrate structure is more ordered and has higher symme-
try than either triclinic structure. The more regular structure is visible in the ordered packing of
the hydrophilic moieties, which form a flat 2D pattern of hydrogen bonds (5 Å × 7.5 Å), close
to that of hexagonal ice (23). The contacts between the alicyclic rings within the layer are also
complementary, with the flat sides of adjacent molecules facing each other in one pair, alternat-
ing with molecular pairs with interleaved methyl groups. The monoclinic polymorph is stable in
bilayer domains, and so far, the reader might believe that monoclinic cholesterol monohydrate
crystals should be more stable than the triclinic polymorph, but this is not true. Triclinic choles-
terol monohydrate is the most stable polymorph, the polymorph that grows in vitro from water
or from organic solvents in the presence of minor amounts of water, and the polymorph that is
detected in atherosclerotic plaques and gallstones (24, 25). The triclinic polymorph has higher
density than the monoclinic one, and, more importantly, the monoclinic polymorph transforms
into the triclinic one as molecular layers assemble in the transition from bilayer to multilayer.We
attribute this phenomenon to the hydrophobic contacts between bilayers, which are much more
extensive in the triclinic structure of cholesterol monohydrate than in the monoclinic structure.
Indeed, density-functional theory calculations show that at 0 K, the difference in stability between
the two polymorphic structures is minor.At higher temperatures, the triclinic polymorph becomes
more stable by virtue of entropy, that is, because of the lack of molecular symmetry constraints in
the crystal structure (23).

Triclinic cholesterol monohydrate crystals grow from acetone as bulky prisms, but as the water
percentage increases, they develop into thinner rhomboid plates, growing much slower in the
direction of the crystallographic c axis, perpendicular to the molecular bilayers (Figure 2a) (26,
27). This phenomenon is attributable to the intercalation of excess water molecules within the
hydrophilic layer, inhibiting the attachment of new ab cholesterol layers in the c direction. This
type of plate appears from crystallizations in vitro, in gallstones, and in atherosclerotic plaques.
The telltale angle of 101° in the plate ensues from the unit cell angle γ between the a and b axes,
which are parallel to the plate sides. The a and b axes are almost equivalent in dimensions and in
molecular interactions such that the plates tend to be almost equilateral.

In 1992, Konikoff et al. (28) published a paper on “Filamentous, Helical, and Tubular Mi-
crostructuresDuringCholesterol Crystallization fromBile.”Thesemicrostructures were followed
in time as they transformed: filaments followed by helical wires grew laterally to form helical rib-
bons and then tubules, which fed the conventional cholesterol rhomboid plates that grew from
them.

Helical ribbons were established as metastable intermediates in the process of cholesterol crys-
tallization in bile and in synthetic analogs of bile composed of bile acids, phosphatidylcholine, and
cholesterol (29).The helical and tubular microstructures were initially believed to consist of a kind
of liquid crystalline mixture of the three types of chiral molecules: bile acids, phosphatidylcholine,
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Helical and tubular structures from cholesterol crystallization in models of bile, in macrophage cells, and from bilayers of cholesterol
mixed with phospholipids. (a,b) Cholesterol helices with 11° and 54° pitch, respectively, from cholesterol crystallization in model bile.
Images in panels a and b reproduced with permission from Reference 30; copyright 1999 National Academy of Sciences. (c) Cholesterol
helix (white arrow), tubules, and sheets (yellow arrows) from cholesterol crystallization from bilayers of cholesterol and dipalmitoyl-
phosphatidyl-choline. (d) Volume representation of a cryo-soft X-ray tomograph of tubular cholesterol crystals (red arrows) grown by a
macrophage cell in intimate contact with cell membranes (gray). Inserts 1, 2, 3, and 4 are slices through the tubular crystals indicated by
the red arrows.

and cholesterol. It was discovered later that similar helical and tubular structures also form from
different mixtures containing a nonionic detergent, a fatty acid, and steroids other than choles-
terol. The helical structures develop progressively in time from helices with a high pitch of 54° to
helices with a low pitch of 11° (Figure 3) (30–32). These are two different, well-defined species
with different structures that do not transform directly into one another. In 2007, Benedek and
colleagues (32) measured well-defined diffraction patterns from stretched, low-pitch helical rib-
bons and from them determined a new cholesterol crystal structure. This structure well matches
the triclinic monohydrate structure, but the length of the unit cell perpendicular to the cholesterol
layers is tripled, that is, the unit cell dimensions are a = (12.1 ± 0.4) Å, b = (12.1 ± 0.4) Å, c =
(102 ± 5) Å, α = (90 ± 3)°, β = (97 ± 3)°, and γ = (102 ± 2)°. Benedek and colleagues suggested
that slippage of layers might occur to compensate for the curvature in the helical ribbon; the need
to compensate for the difference between the concave and convex part of the helical ribbon could
result in the formation of a superlattice.

We note that the high-pitch structure may be different from that determined by Benedek and
colleagues (32) for the low-pitch helices, and we have some reason to believe that the high-pitch
helices may consist of very thin crystals of cholesterol monohydrate in the monoclinic structure.
This possibility arises from the detection, by electron diffraction, of monoclinic crystals nucleating
from bile acid mixtures (21). In addition, helical crystals with an estimated pitch of 60° also form
in macrophage cells supplemented with cholesterol and from bilayers of cholesterol mixed with
phospholipids (Figure 3c,d) (33, 34). In the latter two cases, from cell cultures and from hydrated
bilayers, and in all morphologies, tubular, helical, or flat plates, the crystals have the structure of
the monoclinic polymorph. The crystals develop along the b direction, whereas along the c axis,
where the bilayers attach to one another, the crystals are only a few bilayers thick, within the range
of a few tens of nanometers.With the addition of new bilayers, the helices may become elongated
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rods and may undergo phase transition to the triclinic form or may stretch out and fold back, tran-
sitioning to the triclinic crystal plate morphology and structure (21, 34). Interestingly, Konikoff &
Carey (29) observed that needle-like crystals developed frommixtures of bile acids and cholesterol
without phosphatidylcholine, whereas plates develop directly in the absence of bile acids. Further-
more, an examination of human samples revealed that “needle-like cholesterol crystals predom-
inated in [the bile] of most patients without gallstones, whereas plate-like and dot-like crystals
were more common in patients with gallstones. All three crystal types were seen in most patients”
(35, p. 364).

The driving force behind the formation of the helical crystals is not clear; in the bile systems,
modeling of the helices applied the formalism of elastic free energy to fluid amphiphilic chiral
bilayers, achieving a match to the geometrical features observed experimentally. Various inter-
pretations that could be individually proven or disproved are conceivable for the formation of
the helices, including topological defects such as screw dislocations (36–38), boundary effects, or
spontaneous curvature induced by molecular tilt (32, 39). Of particular interest is the possible
effect of molecular chirality in breaking symmetry, thus leading to helix formation (40). In an ex-
tensive statistical determination, Benedek and colleagues (30, 31) report that right-handed helices
are predominant in the formation of cholesterol helices from artificial bile, but 5% of the helices
are left-handed, which occurs only in the high-pitch helices. It would be interesting to investigate
the feasibility of using such helices and tubules of cholesterol monohydrate as carriers for drugs in
the blood or, as has been suggested, as micro-mechanical devices in a range of applications from
biology to electronics (41, 42).

The most recent cholesterol crystal structure determined is cholesterol hemihydrate
(Figure 2d) (22). The crystal structure of the rod-like hemihydrate crystals obtained from hexanol
or octanol solvates is monoclinic C2,with onemolecule of cholesterol and half a molecule of water
in the asymmetric unit. The cholesterol molecules pack in bilayers, with the hydrophilic heads of
translationally related molecules aligned in columns in the direction of the c axis, but in contrast to
the previous structures, within the bilayer along the a and b axes, neighboring molecules have op-
posite orientation. For this reason, there is no extended 2D network of hydrogen bonds between
the hydroxyl groups of the cholesterol molecules and the water molecules. Rather, each of the two
hydroxyl groups formwith one interleaved water molecule the repeating unit of hydrogen-bonded
chains along c, in agreement with the hemihydrate stoichiometry.

Thus in total, there are five crystal structures for cholesterol: one anhydrous, three monohy-
drate, and one hemihydrate. There are three main observed morphologies: rhomboid plates, rods,
and helical or cylindrical ribbons. In atherosclerotic plaques, both rhomboid plates and rods are
found, but according to X-ray determinations (43), the only crystal structure present is the stable
triclinic cholesterol monohydrate structure. Because this is the most stable structure of choles-
terol, it is conceivable that even though other polymorphs are deposited, these may transform
into the most stable polymorph with time.

Anhydrous cholesterol, the monoclinic cholesterol monohydrate, and cholesterol hemihydrate
all form elongated crystals. This is a subject of interest, because according to one current hypoth-
esis, rod-like crystals of cholesterol may perforate the cell membrane, causing mechanical damage
and subsequent cell death, giving rise to inflammation. According to similar mechanical damage
hypotheses, cholesterol crystals may perforate the fibrous cap of a plaque, causing plaque rupture
and subsequent formation of thrombi (22, 44–47). In the hemihydrate case, the crystals grow as
pointed needles along the c axis, where the intermolecular interactions are highest. Performing
tensile mechanical measurements on model membranes, Naumov and colleagues (22) concluded
that the crystals are indeed sufficiently rigid to rupture the cap of an atherosclerotic plaque.
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CHOLESTEROL AGGREGATION STATES

When cholesterol crystallizes in an aqueous biological environment, in many respects, this is the
end of the story, because cholesterol crystals are extremely difficult to dissolve in water. However,
if cholesterol is so difficult to dissolve in water, how did cholesterol get there in the first place, and
how did it crystallize? In this section, we report on cholesterol assembly pathways and states.

Because of their amphiphilic character, cholesterol molecules tend to partition at the boundary
between an aqueous phase and a nonpolar aprotic phase. However, the interaction of the large
hydrophobic backbone with the environment is dominant over the ability of the hydroxyl group
to participate in hydrogen bonding with polar solvents. Practically, the molecule behaves as
hydrophobic: It completely disperses in nonpolar solvents, such as benzene, whereas it aggregates
at very low concentrations in protic polar solvents, such as water (13, 14). Cholesterol tends to
aggregate in water by lateral packing, forming double-layer structures as it does in the crystalline
state. Because of the stronger backbone-to-backbone interactions, growth within the layers is
much faster relative to growth across different layers, and micelles of different geometry may
result (Figure 4a). The critical concentration for cholesterol micellization in water is 25–40 nM
at 25°C (14).

The forces that stabilize the micelle aggregations arise in part from hydrophobic repulsion
by water molecules. Cholesterol molecules show anomalous hydrophobicity values, which deviate
from the linear relation between hydrophobicity and the hydrocarbon surface areas of alkanes,
alcohols, and carboxylic acids (48–50). The hydrophobic surface area per molecule estimated for
the removal of a cholesterol dimer from the aqueous phase is lower than that estimated for a
single molecule (51). The free energy of micellization is therefore higher than would have been
predicted from the intrinsic hydrophobicity of cholesterol alone. The additional favorable energy
presumably arises from structural considerations, where extra-attractive forces between molecules
favor self-association through packing of cholesterol backbones and water molecules (50).

In aqueous biological environments, cholesterol favors mixed surfactant-like media, such as
lipid bilayer membranes or mixed micelles and vesicles with biliary acids. When cholesterol is
supersaturated, it tends to segregate from these mixed lipid environments, forming crystalline
domains (52–54). Grazing incidence diffraction studies on model bilayer membranes show that
above saturation, cholesterol forms ordered domains with sizes of tens of nanometers (50–80 nm)
and with the thickness of a bilayer (3.5 nm). The driving force for the segregation of cholesterol
to form distinct domains conceivably depends on the cross-layer interaction, because choles-
terol crystalline domains do not form in monolayers (Figure 4b) (55). In fact, in monolayers,
cholesterol can be considered as a free rotator that has free motion around its molecular axis (56).

The cholesterol crystalline domains that form in lipid bilayers are 2D cholesterol monohy-
drate assemblies that pack in a 10 × 7.5 Å2 rectangular unit cell with the bilayer structure of the
monoclinic polymorph (Figure 4c) (20, 52–54). Interestingly, the stable triclinic polymorph of
cholesterolmonohydrate crystals was never detected as a bilayer-thick crystal,while themetastable
monoclinic polymorph exists as both bilayers and multilayers. The 2D monoclinic crystalline do-
mains can mature and develop into 3D crystals of the monoclinic polymorph with helical, cylin-
drical, or flat platelet morphology or can transform into the triclinic polymorph at early stages
(Figure 4e) (20, 34, 54, 57). Several observations point to the possible effect of the environment
from which cholesterol crystals nucleate and grow on the kinetics of growth of one crystal poly-
morph relative to the other. For example, lipid mixtures composed of sphingomyelin with high
cholesterol concentration produce monoclinic cholesterol monohydrate 2D crystalline assemblies
(52).When supplied with exogenous cholesterol,macroscopic 3D triclinic crystals form,which are
intimately associated with the bilayer (34). In contrast, when exogenous cholesterol is supplied
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Schematic representation of different cholesterol aggregation states. (a) Cholesterol micelle in one possible geometrical configuration.
(b) Mixed monolayer of cholesterol with phospholipids. Cholesterol does not self-assemble in structured domains but forms ordered
mixed domains with saturated phospholipids (purple). The saturated phospholipids may form self-assembled ordered domains (gray).
(c) Mixed bilayer of cholesterol with phospholipids. Cholesterol may self-assemble in structured domains of bilayer thickness (pink) and
form ordered mixed domains with saturated phospholipids with monolayer thickness (purple). The saturated phospholipids may form
self-assembled ordered domains with monolayer thickness (gray). (d) Giant vesicle (green) with micrometer-size domains (red), as
canonically observed by fluorescence. It is conceivable that such large domains are actually composed of distinct, ordered nanodomains.
The magnified schematic from the ordered red area is as represented in panel c. (e) Schematics of crystal forms that can emerge from
cholesterol crystallization in different environments. From left to right, these include (ep) elongated plates and (h) helical or tubular
crystals from monoclinic cholesterol monohydrate and (rp) rhomboid plates from triclinic cholesterol monohydrate.

under similar experimental conditions to bilayers composed of the saturated lipid dipalmitoyl-
phosphatidyl-choline (DPPC), the 2D bilayer monoclinic crystals (53) develop, at least in part,
into 3D monoclinic crystals (34, 57).

The interplay between the two crystal polymorphs and the possible effect of the environment
on their relative stability is still under investigation. Understanding the mechanism of cholesterol
aggregation and crystal growth in amphiphilic environments is a key for understanding choles-
terol’s crystallization pathway in biology and appears to be very relevant for pathology.

To understand the equilibrium of cholesterol states in biology, we must understand the physio-
logical functions that make it essential in animal cells. In addition to other functions that we shall
not address here, such as in signaling or hormone synthesis, a fundamental function of choles-
terol in cell membranes relates directly to its assembly and material properties. Cholesterol helps
to regulate membrane fluidity and plays a role in forming and maintaining cell membranes and
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structures (58–60). Key functions depend on the cholesterol ordering effect, that is, its ability to
form ordered domains in mixtures with other lipids. Below, we summarize the relevant concepts
of a large volume of literature on the subject.

Cholesterol’s mode of incorporation in lipid bilayers is, not surprisingly, dependent on how
cholesterol can integrate in the hydrophobic lipid region. In mixed cholesterol–lipid systems, the
molecules tend to pack laterally to form bilayers where the hydrophobic part of cholesterol is
embedded along the lipid hydrocarbon chains. The orientation and location of cholesterol within
the bilayer is determinedmostly by the length of the lipid hydrocarbon chain. In themost common
orientation, the hydroxyl group of cholesterol is oriented toward the water interface. However,
when the length of the hydrocarbon chain is shorter than half the length of cholesterol (15 Å), the
molecule can orient parallel to the bilayer and locate at the bilayer midplane (61).

The planar and rigid structure of cholesterol limits the possible conformations that the
molecule can adopt and dictates the preferred interactions of cholesterol with the chains of other
lipids in mixed bilayers. Cholesterol’s relative affinity for the different lipids depends on the de-
gree of saturation of the lipid chains (62, 63). In general, cholesterol has stronger interactions with
sphingolipids, such as sphingomyelin, and saturated long-chain glycerophospholipids, such as
DPPC, relative to unsaturated lipids such as 1-palmitoyl-2-oleoyl-phosphatidylcholine (64, 65).
The different affinity of cholesterol for the different types of lipids and lipids’ tendency to crys-
tallize by themselves induce nonrandom distribution of cholesterol in mixed lipid membranes.

In the late 1980s, biologists introduced the raft designation to indicate the existence of
relatively stable compartments in the cell plasma membrane that are important in regulating
biological processes such as protein sorting, signal transduction, and cell adhesion (66, 67). These
domains are rich in cholesterol, sphingolipids, and saturated long-chain glycerophospholipids and
have distinct structure and kinetics relative to the rest of the cellular membrane (68). The concept
of heterogeneous lipid–lipid interactions and of possible compartmentalization resulting from
these heterogeneous interactions was not new to chemists and physicists. Modeling of cell plasma
membranes in vitro, however, is made extremely difficult by the complexity of the cell membrane
components, which can reach up to more than 1,000 lipid species, even without taking into
account the proteins. Interestingly, there is only one sterol in animal cell membranes, and this is
cholesterol.

Model membrane studies that evaluate cholesterol–lipid interactions are therefore necessarily
simplified and often use ternary mixtures composed of cholesterol and a saturated and unsatu-
rated lipid (69, 70). Although chemically simplified mixtures of a few lipid components do not
entirely reflect the properties and dynamics of biological membranes, it is possible to characterize
the structural parameters of the mixtures across the whole range of concentrations. It is important
to stress, however, that the derived structural parameters refer to systems under equilibrium, a sit-
uation very far from what occurs in biology. In live cells, membrane recycling as well as membrane
fusion and vesicle detachment continuously change the local composition and the organization of
the membrane and are part of essential cell functioning. Achieving equilibrium in cells is equiva-
lent to death.

In three-component mixed compositions, depending on the ratios of the lipids, several differ-
ent phases may coexist, with different regions having different properties. The unsaturated lipid
forms with cholesterol a liquid-disordered phase, while the good packing of cholesterol with satu-
rated lipids gives rise to liquid-ordered (Lo) phases. At low cholesterol concentrations, cholesterol
molecules, in addition to packing with saturated lipids, may form dimers within the layer (71) or
tail-to-tail dimers across the layers (72, 73). The ordered lipid–cholesterol phases are mixed crys-
talline domains that can coexist with disordered phases or segregated crystalline phases of lipids
alone.The boundaries of the ordered phases are believed to be populated by a less ordered layer of
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lipid molecules that lowers the line tension between different ordered domains and the disordered
lipid environments (74).

The exact size and shape of the lipid ordered domains, however, appear to vary with themethod
of observation and the cholesterol–lipid concentration. The majority of studies have used fluores-
cence microscopy to visualize ordered phases in giant vesicles (Figure 4d) (75–77), planar systems
of supported lipid monolayers (75, 78), and supported lipid bilayers (75) and report the domains
to have sizes of several micrometers up to tens of micrometers. X-ray diffraction, nuclear atomic
resonance, and atomic force microscopy report on cholesterol-rich domains with sizes ranging
between several nanometers to hundreds of nanometers (52–54, 79). Interestingly, the mixed crys-
talline domains are only one layer thick, that is, they comprise only one bilayer leaflet (Figure 4)
(55). It is conceivable that a single phase with a size of several micrometers that can be detected
by fluorescence is actually composed of distinct ordered nanodomains that cannot be detected by
fluorescence due to resolution limitations and possibly because they grow upon intense illumina-
tion (80–82).

For the ordered domains to control protein location and activity, it is essential for the cell
to be able to control the fraction of the membrane in the Lo phase. Indeed, cholesterol levels
in cells and the distribution of cholesterol in the different membranes within the cell are strictly
controlled.The concentration of cholesterol in the endoplasmic reticulum,where it is synthesized,
is relatively low. Its concentration progressively increases along the secretory pathway and reaches
its highest levels in the plasmamembrane,where cholesterol can constitute almost 50%of the lipid
composition (83, 84).

The different distribution of cholesterol in membranes causes changes in their physical prop-
erties (60), making them less permeable as cholesterol concentration increases and more readily
deformable at low cholesterol concentrations (59).The ordering effect that proximity with choles-
terol molecules induces on the hydrocarbon chains of neighboring lipids effectively reduces the
area occupied by each lipid and therefore increases the packing of the membrane and reduces
its permeability (58, 59). Cholesterol can also have the opposite effect when mixed with ordered
lipids, as it can incorporate between lipids that have a tendency to pack tightly and inhibit the
formation of a packed gel crystalline phase (59), thus locally increasing membrane fluidity. It was
demonstrated, however, that when cholesterol is incorporated with unsaturated lipids, it also re-
sults in a local stiffening effect on the membrane (85).

It is conceivable that at very high cholesterol concentrations, especially in the plasma mem-
brane or under pathological conditions, pure cholesterol domainsmay form, even in regions where
there should be miscibility with other lipids. These domains, being one bilayer thick, may locally
change the mechanical properties of the membrane by stitching together the bilayer leaflets.

Clearly, regulation of the cholesterol levels in membranes is of primary importance. When
the balance of cholesterol homeostasis is disrupted, this has a direct effect on membrane function
and can lead to several pathological outcomes. One direct consequence is the precipitation of
cholesterol as monohydrate crystals when cholesterol reaches saturation (43, 86).

CHOLESTEROL AGGREGATION STATES IN PHYSIOLOGY
AND PATHOLOGY

Cholesterol is an integral constituent of membranes, lipoproteins, bile acids, steroid hormones,
and more. Its synthesis, esterification, and hydrolysis, as well as its metabolism in general, must be
closely monitored.

To ensure a controlled cholesterol concentration in the human body, endogenous and ex-
ogenous metabolic pathways must coordinate (87). The liver and extrahepatic tissues synthesize
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Schematic representation of high-density lipoprotein (HDL) particles, low-density lipoprotein (LDL) particles, and lipid droplets with
their characteristic compositions. HDL particles have a diameter of ∼10 nm whereas LDL particles have a diameter of ∼25 nm. Lipid
droplets are much larger and may reach several tens of micrometers in diameter. Figure adapted from images created with
BioRender.com.

cholesterol via the endogenous pathway (88). Following its synthesis, cholesterol enters the blood
circulation or is secreted into bile. Cholesterol from dietary and biliary sources is absorbed via the
exogenous pathway in the intestine and subsequently enters circulation.

To fulfill its many functions, cholesterol must reach cells all over the body. For this purpose,
cholesterol traffic is controlled in the blood by specialized lipoproteins. The lipoprotein carriers
are classified into four classes, chylomicrons, very low-density lipoprotein, LDL, andHDL,which
differ from one another in size, density, lipid composition, and protein composition (16). These
complex particles are comprised of a central hydrophobic core of nonpolar lipids such as triglyc-
erides and cholesterol esters, which is surrounded by a monolayer consisting of phospholipids,
free cholesterol, and apolipoproteins (Figure 5).

The two major lipoproteins associated with cholesterol transport and metabolism are HDLs
and LDLs. LDLs, often incorrectly referred to as bad cholesterol, are particles with sizes around
25 nm that transport cholesterol from the liver through the vasculature and distribute it among the
various tissues.Upon reaching the cells, LDL particles are taken up and processed and cholesterol
becomes available. HDLs, often referred to as good cholesterol, are smaller particles with sizes
around 10 nm that absorb cholesterol and carry it back to the liver. Roughly 50% of LDL and
20% of HDL compositions are esterified cholesterol and cholesterol (Figure 5) (89, 90).

The dynamic properties of the superficial lipid monolayers mostly depend on the nature of
the lipid component. The surface lipids of LDLs are more packed and rigid than those of HDLs
due to the presence of a larger percentage of saturated fatty acids in the phospholipids, a higher
sphingomyelin-to-glycerolipid ratio, and a higher cholesterol-to-phospholipid ratio (16, 91, 92).
Under physiological conditions, the interior of a lipoprotein takes the form of a liquid droplet
of neutral lipids. Within an HDL, due to the relatively small volume available, the core of neu-
tral lipids seems not to be organized. The physical state of cholesterol esters and triacylglycerol
molecules in the core of LDLs is more complex to determine due to a reversible, broad phase tran-
sition at around 30°C (92–94).The core lipids are in a liquid state above the phase transition and in
an ordered smectic liquid-crystal phase below it, but the precise temperature of the phase change
is dependent on the acyl chain composition of the cholesteryl ester and on the triacylglycerol/
cholesterol ester ratio. It is thus not clear whether cholesterol in the LDL particles may be in an
ordered phase in whole or in part. A cryo-electron microscopy study of the LDL ultrastructure
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shows an extensive phase-separated ordered state lamellar organization of the lipid core, but this
may have ensued from imaging at low temperature (95).

The storage site of cholesterol in the cells is in lipid droplets. Lipid droplets are cellular or-
ganelles that are actively engaged in multiple functions. Importantly, they serve as a storage site
for cholesterol, which eventually participates in cell membrane structure and maintenance. Lipid
droplets consist of an outer lipid monolayer of phospholipids, associated proteins, and cholesterol
and a hydrophobic core that consists largely of triacylglycerols and cholesterol esters (Figure 5)
(96). Some phospholipids and free cholesterol may also exist in the core (93).

Lipid droplets vary greatly in size, ranging from 20–40 nm to 100 μm. In adipocytes (fat cells),
lipid droplets tend to be larger and may compose the majority of the cell, while in other cells
they may be induced only under certain conditions and are considerably smaller in size. Under
normal culture conditions, lipid droplets are not structured; however, in certain cell-cycle stages
or metabolic states that may be related to stress responses, they may transition into a smectic
liquid-crystalline phase surrounding an amorphous core (97). Thus, lipid droplets can assume dif-
ferentmorphologies and structures related to specific cellular conditions,which results in different
modes of interaction with cellular organelles. In addition, lipid droplets are a major component
of atherosclerotic lesions, and their structural characteristics may play a significant role in lesion
development and stability.

Under physiological conditions, cellular trafficking of cholesterol follows a cascade of events
consisting of hydrolysis of LDL cholesteryl ester in cellular secondary lysosomal compartments
followed by cholesterol trafficking to the plasma membrane and storage in lipid droplets, from
which it can be taken up for various functions. When the delicate balance between cholesterol
absorption, synthesis, and excretion is broken, and the overall content of free cholesterol rises,
pathology-related phenomena involving deposition of crystalline cholesterol ensue. In atheroscle-
rosis, altered LDL particles undergo phagocytosis by macrophage cells, specialized scavengers of
foreign invaders in the body. Macrophages process the altered LDL particles, accumulating ex-
cess cholesterol in lipid droplets until the macrophages transform into swollen cells called foam
cells. Foam cells are characterized by an aberrant accumulation of cytosolic lipid droplets and
are considered a hallmark of atherosclerotic lesions through all stages of development. Eventu-
ally, crystalline cholesterol appears associated with foam cells, ultimately giving rise to the classic
atherosclerotic plaque (98, 99).

Several pathways for cholesterol crystallization in association withmacrophages have been pro-
posed involving secondary lysosomal compartments and the cellular plasma membrane (100, 101).
In both these instances, cholesterol crystals could nucleate from segregated cholesterol domains
in the membranes with the same mechanism that was demonstrated in vitro from macrophage
cells or frommodel mixed lipid bilayers. Varsano et al. (33, 102) demonstrated that triclinic rhom-
boid plates of cholesterol monohydrate with nanoscopic sizes could nucleate on the plasma mem-
brane of macrophage foam cells.However,monoclinic cholesterol monohydrate crystals with rod-
like, tubular, or helical morphology formed intracellularly (33). A recent hypothesis suggests a
mechanism whereby monoclinic cholesterol monohydrate crystals may nucleate through epitax-
ial growth from cholesterol ester ordered domains in lipid droplets (23). Any of these mecha-
nisms might conceivably operate inside a live cell, a dead cell, or the extracellular matrix following
cholesterol ester hydrolysis. Cholesterol crystals in atherosclerotic plaques assume both plate and
rod or needle morphology (Figure 6a,b) (47, 103). The only explanation that has so far been ad-
vanced to explain the rod morphology maintains that crystals form in the monoclinic polymorph
and preserve the morphology after a single-crystal-to-single-crystal transition to the stable tri-
clinic polymorph (20). This hypothesis, if confirmed, would provide relevant information about
the mechanisms of crystal formation in atherosclerosis.
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(a) Cryo-scanning electron microscopy (SEM) micrograph from a freeze-fractured human atherosclerotic plaque. The cholesterol
crystals are colored purple. (b) SEM micrograph of cholesterol crystals from a gallstone. The asterisk indicates cholesterol monohydrate
(ChH) crystals, and the arrowhead indicates pigment granules. Panel b reproduced with permission from Reference 112.
(c,d) Cholesterol crystals extracted from a human atherosclerotic plaque. The crystals are (c) rods or (d) rhomboid plates.

In addition to cholesterol crystals,most atherosclerotic plaques develop calcifications of apatite
(calcium phosphate) crystals. In 1968, Kathleen Lonsdale published a historical paper (104) in
which she pointed out the possibilities of epitaxial matches and, consequently, epitaxial growth
of different crystals in gallstones, including apatite. Swift and colleagues (105) later widened and
formalized the search for epitaxial matches, and it is fascinating to think that this may also apply
to atherosclerosis.

Ultimately, crystalline cholesterol is very difficult to solubilize using known physiological path-
ways after its formation, securing its presence for years to come and perpetuating the process of
lesion growth (86). When crystallization of cholesterol occurs within an atherosclerotic lesion,
cholesterol crystals lead to traumatic injuries to the diseased tissue (106). Direct proinflammatory
effects are also associated with cholesterol crystals (107, 108), which, coupled with repetitive cyclic
stresses that weaken the structures and increase the disposition of the plaque to fracture, may lead
to mechanical failure caused by fatigue. Inflammation and direct mechanical damage induced by
the crystals weaken the fibrous cap, which may ultimately rupture unprompted (109, 110), pouring
into the blood masses of crystals and cellular and extracellular matrix debris that may cause blood
vessel obstruction, leading to heart attack and stroke.

A study of human aortic atherosclerotic plaques reports that the transition from intact to dis-
rupted lesions is accompanied by an increase in cholesterol, cholesteryl esters, and the percent-
age of unesterified cholesterol relative to esterified cholesterol in the necrotic core, whereas the
triglyceride content remains unchanged. The influence of lipid composition on plaque instability
in coronary sudden death is also apparent from data showing that the percentage of cholesterol
crystals is greater in ruptured lesions than in eroded or stable plaques (111).

Cholesterol crystallization from saturated bile is another pathology that may result from dis-
ruption of cholesterol homeostasis. Bile is the major route for elimination of cholesterol from the
body through solubilization by bile acids in the gall bladder followed by secretion of cholesterol
into the intestinal tract.
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Bile is a fluid synthesized in the liver. It consists of ∼95% water and ∼5% dissolved organic
molecules, predominantly bile acid salts, phospholipids, and cholesterol. In physiological condi-
tions, biliary cholesterol dissolves within salt-rich micelles and phospholipid-rich vesicles (113).
Supersaturation of cholesterol in bile may prompt the crystallization of cholesterol from these
metastable lipid aggregates within the gallbladder, subsequently forming gallstones.Multilamellar
vesicles in bile pave the way for and might even have a direct role in the initiation of crystalliza-
tion of cholesterol in gallbladder bile (114, 115). In a model system containing mixed bile salts,
lecithin, and cholesterol, as well as in human bile, distinct crystal morphologies were observed
to form, comprising liquid crystals, filamentous crystals, curved crystals, helices, and tubes, aside
from stable rhomboid cholesterol monohydrate crystals. These may well correspond to the two
polymorphs of cholesterol monohydrate, with the metastable monoclinic polymorph transform-
ing with time into the stable triclinic polymorph. Interestingly, the formation of distinct crystalline
cholesterol structures in bile depends on the ratios of its lipid constituents. Differences in model
bile lipid composition give rise to substantially different kinetics of the transformation between
the metastable helices and the stable rhomboid plates, indicating different pathways of crystal
nucleation and growth leading to the thermodynamically stable polymorph (115).

In an interesting case study that was not aimed at establishing crystal structures at all, Landi
et al. (35) examined bile from patients with a clinical diagnosis of acalculous gallbladder disease
and compared it to bile from patients with known gallstones. They reported the presence of
predominantly needle-like crystals in most patients without gallstones and of plate-like crystals in
patients with gallstones. If indeed the two groups correspond to the two cholesterol monohydrate
polymorphs, analysis of the polymorphism of cholesterol could once again provide relevant
information on the environments and the mechanisms of cholesterol crystal formation.

CONCLUDING REMARKS

Cholesterol or other sterols are essential components of all eukaryotic cell membranes. Interest-
ingly, cholesterol is unique in animal cell membranes in the sense that membrane composition
includes thousands of lipids and thousands of proteins but only one sterol, cholesterol. Why is
cholesterol so unique? It is common knowledge that cholesterol is indispensable for membrane
integrity and function, because it controls lipid order, fluidity, permeability, and mechanical coher-
ence (116). It is also well known that excess cholesterol may result in pathologies and that strokes
or heart attacks are common and often lethal consequences of cholesterol accumulation in the
arteries.

Cholesterol is also an essential component of carriers used for drug delivery. As an example,
cholesterol is a major constituent of lipid nanoparticles used for small interfering RNA delivery,
where it contributes to morphology, stability, fluidity control, and successful delivery to the target
organs (117, 118). Lipid nanoparticles are but a small fraction of the vast and growing interest in
cholesterol and cholesterol-based compounds for applications in drug delivery, such as use of bile
acids as absorption enhancers for drugs (119).

In all these instances, what is unique to cholesterol are the material properties that derive
from its unique molecular configuration and consequently from its unique modes of assembly.
Cholesterol molecules can be considered as free but rigid rotators in monolayers when alone or
mixed with other lipids, such as in the envelopes of the lipid–messenger RNA complexes forming
lipid nanoparticles (117, 118). Presumably, the same occurs at the surface of lipid droplets, which
are covered by a single layer of cholesterol and phospholipids, and in mixed ordered domains
in cell membranes, which have monolayer thickness. In fact, we suspect that the composition
range for formation of such ordered nanoscopic domains with saturated glycerophospholipids or
sphingolipids is much wider than what conventional phase diagrams imply.
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When its concentration is higher than the solubility in the lipid environment of lipid bilayer
membranes, cholesterol may associate with itself, forming crystalline bilayer nanodomains, which
likely influence the mechanical properties of the membrane because of their rigidity and structure.
When the whole environment is supersaturated in cholesterol, the membrane domains may serve
as templates for the nucleation of crystals.

Interestingly, cholesterol may form at least two monohydrate polymorphic crystal struc-
tures with very different properties from membranes in aqueous environments. The metastable
monoclinic polymorph favors extremely thin crystals, which may assume helical morphologies
when crystallized from bile but also frommixed bilayers with saturated glycerophospholipids. Be-
cause of their morphology and lower stability, the monoclinic crystals are expected to have higher
solubility and different material properties than the far more common triclinic crystals. The mon-
oclinic polymorphmay also conceivably be a precursor of the triclinic one in pathological settings.
If this is true, its different material properties could be exploited to solubilize the crystals or to
avoid atherosclerotic plaque rupture if the transformation into the stable polymorph could be
slowed down.

In conclusion, the material properties of cholesterol in its various aggregation states are central
to its behavior, both in physiology and in pathology.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We thank Margarita Shepelenko, Leeor Kronik, and Howard S. Kruth for their conceptual and
practical contributions and Assaf Ben Moshe for critical reading of the manuscript. We thank
P. Naumov and M.B. Al-Handawi for providing the image of a cholesterol hemihydrate crys-
tal. We acknowledge the financial support of US-Israel Binational Science Foundation grant
BSF2019087.

LITERATURE CITED

1. Chevreul ME. 1823. De la cholestérine. In Recherches chimiques sur les corps gras d’origine animale,
pp. 153–60. Paris: F. G. Levrault

2. Dam H. 1958. Historical introduction to cholesterol. In Chemistry, Biochemistry, and Pathology, ed.
RP Cook, pp. 1–14. New York: Academic

3. Olson RE. 1998. Discovery of the lipoproteins, their role in fat transport and their significance as risk
factors. J. Nutr. 128:439S–43S

4. Kuijpers PMJC. 2021. History in medicine: the story of cholesterol, lipids and cardiology. J. Cardiol.
Pract. 19:9

5. Boudet M. 1833. Nouvelle recherches sur la composition du serum du sang Oncley. Ann. Chim. Phys.
52:337–48

6. Bloch K. 1991. Cholesterol: evolution of structure and function. In New Comprehensive Biochemistry,
Vol. 20, ed. DE Vance, JE Vance, pp. 363–81. Amsterdam: Elsevier

7. Berg JM, Tymoczko JL, Stryer L. 2002. Biochemistry: International Version. New York: W.H. Freeman
8. Carlisle C, Crowfoot D. 1945. The crystal structure of cholesteryl iodide. Proc. R. Soc. A 184:64–83
9. Saad HY, Higuchi WI. 1965.Water solubility of cholesterol. J. Pharm. Sci. 54:1205–6

10. Alberts B, Johnson A, Lewis J, Raff M, Roberts K,Walter P. 2014.Molecular Biology of the Cell. New York:
W.W. Norton

www.annualreviews.org • Crystalline Cholesterol: The Material 73



11. Sackmann E. 1995. Biological membranes architecture and function. InHandbook of Biological Physics, ed.
R Lipowsky, E Sackmann, pp. 1–63. Amsterdam: Elsevier

12. Summons RE, Albrecht P, McDonald G, Moldowan JM. 2008. Molecular biosignatures. Space Sci. Rev.
135:133–59

13. Bux K, Moin ST. 2020. Solvation of cholesterol in different solvents: a molecular dynamics simulation
study. Phys. Chem. Chem. Phys. 22:1154–67

14. Haberland ME, Reynolds JA. 1973. Self-association of cholesterol in aqueous solution. PNAS 70:2313–
16

15. Lalitha S, Kumar AS, Stine KJ, Covey DF. 2001. Chirality in membranes: first evidence that enantios-
elective interactions between cholesterol and cell membrane lipids can be a determinant of membrane
physical properties. J. Supramol. Chem. 1:53–61

16. Feingold KR. 2021. Introduction to lipids and lipoproteins. In Endotext, ed. KR Feingold, B Anawalt,
A Boyce, G Chrousos, WW de Herder, et al. South Dartmouth, MA: MDText.com

17. Small DM, Shipley GG. 1974. Physical-chemical basis of lipid deposition in atherosclerosis. Science
185:222–29

18. Craven BM. 1976. Crystal structure of cholesterol monohydrate.Nature 260:727–29
19. Shieh H, Hoard L, Nordman C. 1977. Crystal structure of anhydrous cholesterol.Nature 267:287–89
20. Solomonov I, Weygand MJ, Kjaer K, Rapaport H, Leiserowitz L. 2005. Trapping crystal nucleation of

cholesterol monohydrate: relevance to pathological crystallization. Biophys. J. 88:1809–17
21. Weihs D, Schmidt J, Goldiner I, Danino D, Rubin M, et al. 2005. Biliary cholesterol crystallization

characterized by single-crystal cryogenic electron diffraction. J. Lipid Res. 46:942–48
22. Al-Handawi MB, Commins P, Karothu DP, Raj G, Li L, Naumov P. 2018. Mechanical and crystallo-

graphic analysis of cholesterol crystals puncturing biological membranes. Chem. Eur. J. 24:11493–97
23. ShepelenkoM,Hirsch A,VarsanoN,Beghi F,Addadi L, et al. 2022.Polymorphism, structure, and nucle-

ation of cholesterol·H2O at aqueous interfaces and in pathological media: revisited from a computational
perspective. J. Am. Chem. Soc. 144:5304–14

24. Loomis CR, Shipley GG, Small DM. 1979. The phase behavior of hydrated cholesterol. J. Lipid Res.
20:525–35

25. Suhalim JL, Chung C-Y, Lilledahl MB, Lim RS, Levi M, et al. 2012. Characterization of cholesterol
crystals in atherosclerotic plaques using stimulated Raman scattering and second-harmonic generation
microscopy. Biophys. J. 102:1988–95

26. FrincuMC, Fleming SD, Rohl AL, Swift JA. 2004. The epitaxial growth of cholesterol crystals from bile
solutions on calcite substrates. J. Am. Chem. Soc. 126:7915–24

27. Abendan RS, Swift JA. 2002. Surface characterization of cholesterol monohydrate single crystals by
chemical force microscopy. Langmuir 18:4847–53

28. Konikoff F,ChungD,Donovan J, Small D,CareyM.1992.Filamentous, helical, and tubularmicrostruc-
tures during cholesterol crystallization from bile. Evidence that cholesterol does not nucleate classic
monohydrate plates. J. Clin. Investig. 90:1155–60

29. Konikoff FM, Carey MC. 1994. Cholesterol crystallization from a dilute bile salt-rich model bile.
J. Cryst. Growth 144:79–86

30. Zastavker YV,AsherieN,Lomakin A,Pande J,Donovan JM, et al. 1999. Self-assembly of helical ribbons.
PNAS 96:7883–87

31. Chung DS, Benedek GB, Konikoff FM, Donovan JM. 1993. Elastic free energy of anisotropic helical
ribbons as metastable intermediates in the crystallization of cholesterol. PNAS 90:11341–45

32. Khaykovich B, Hossain C, McManus JJ, Lomakin A, Moncton DE, Benedek GB. 2007. Structure of
cholesterol helical ribbons and self-assembling biological springs. PNAS 104:9656–60

33. Varsano N, Beghi F, Elad N, Pereiro E, Dadosh T, et al. 2018. Two polymorphic cholesterol monohy-
drate crystal structures form in macrophage culture models of atherosclerosis. PNAS 115:7662–69

34. Varsano N, Beghi F, Dadosh T, Elad N, Pereiro E, et al. 2019. The effect of the phospholipid bilayer
environment on cholesterol crystal polymorphism. ChemPlusChem 84:338–44

35. Landi K, Sinard J, Crawford JM, Topazian M. 2003. Cholesterol crystal morphology in acalculous gall-
bladder disease. J. Clin. Gastroenterol. 36:364–66

74 Varsano et al.



36. Eshelby J. 1953. Screw dislocations in thin rods. Int. J. Appl. Phys. 24:176–79
37. Morin SA, Bierman MJ, Tong J, Jin S. 2010. Mechanism and kinetics of spontaneous nanotube growth

driven by screw dislocations. Science 328:476–80
38. Olson IA, Shtukenberg AG, Hakobyan G, Rohl AL, Raiteri P, et al. 2016. Structure, energetics, and

dynamics of screw dislocations in even n-alkane crystals. J. Phys. Chem. Lett. 7:3112–17
39. Shtukenberg AG, Punin YO, Gujral A, Kahr B. 2014. Growth actuated bending and twisting of single

crystals. Angew. Chem. Int. Ed. 53:672–99
40. Selinger J, MacKintosh F, Schnur J. 1996. Theory of cylindrical tubules and helical ribbons of chiral

lipid membranes. Phys. Rev. E 53:3804–18
41. Khaykovich B, Kozlova N, Choi W, Lomakin A, Hossain C, et al. 2009. Thickness–radius relationship

and spring constants of cholesterol helical ribbons. PNAS 106:15663–66
42. Schnur JM. 1993. Lipid tubules: a paradigm for molecularly engineered structures. Science 262:1669–76
43. Katz S, Shipley GG, Small D. 1976. Physical chemistry of the lipids of human atherosclerotic lesions.

Demonstration of a lesion intermediate between fatty streaks and advanced plaques. J. Clin. Investig.
58:200–11

44. Abela GS, Aziz K, Vedre A, Pathak DR, Talbott JD, DeJong J. 2009. Effect of cholesterol crystals on
plaques and intima in arteries of patients with acute coronary and cerebrovascular syndromes. Am. J.
Cardiol. 103:959–68

45. Kalavakunta JK,Mittal MK, Janoudi A, Abela OG,Alreefi F,Abela GS. 2017.Role of cholesterol crystals
during acute myocardial infarction and cerebrovascular accident. Cardiovasc. Innov. Appl. 2:347–62

46. Abela GS, Aziz K. 2006. Cholesterol crystals rupture biological membranes and human plaques dur-
ing acute cardiovascular events-a novel insight into plaque rupture by scanning electron microscopy.
Scanning 28:1–10

47. Nidorf M, Fiolet A, Abela GS. 2020. Viewing atherosclerosis through a crystal lens: how the evolving
structure of cholesterol crystals in atherosclerotic plaque alters its stability. J. Clin. Lipidol. 14:619–30

48. Smith R, Tanford C. 1973. Hydrophobicity of long chain n-alkyl carboxylic acids, as measured by their
distribution between heptane and aqueous solutions. PNAS 70:289–93

49. Harris SMJ,Higuchi T,Rytting JH.1973.Thermodynamic group contributions from ion pair extraction
equilibriums for use in the prediction of partition coefficients. Correlation of surface area with group
contributions. J. Phys. Chem. A 77:2694–703

50. Gilbert DB, Tanford C, Reynolds JA. 1975. Cholesterol in aqueous solution. Hydrophobicity and self-
association. Biochemistry 14:444–48

51. Yeagle PL. 1985. Cholesterol and the cell membrane. Biochim. Biophys. Acta Rev. Biomemb. 822:267–87
52. Ziblat R, Kjaer K, Leiserowitz L, Addadi L. 2009. Structure of cholesterol/lipid ordered domains in

monolayers and single hydrated bilayers. Angew. Chem. Int. Ed. 48:8958–61
53. Ziblat R, Leiserowitz L, Addadi L. 2010. Crystalline domain structure and cholesterol crystal nucleation

in single hydrated DPPC:cholesterol:POPC bilayers. J. Am. Chem. Soc. 132:9920–27
54. Ziblat R, Fargion I, Leiserowitz L, Addadi L. 2012. Spontaneous formation of two-dimensional and

three-dimensional cholesterol crystals in single hydrated lipid bilayers. Biophys. J. 103:255–64
55. Ziblat R, Leiserowitz L, Addadi L. 2011. Crystalline lipid domains: characterization by X-ray diffraction

and their relation to biology. Angew. Chem. Int. Ed. 50:3620–29
56. Rapaport H, Kuzmenko I, Lafont S, Kjaer K, Howes PB, et al. 2001. Cholesterol monohydrate nucle-

ation in ultrathin films on water. Biophys. J. 81:2729–36
57. Varsano N, Fargion I, Wolf SG, Leiserowitz L, Addadi L. 2015. Formation of 3D cholesterol crystals

from 2D nucleation sites in lipid bilayer membranes: implications for atherosclerosis. J. Am. Chem. Soc.
137:1601–7

58. Róg T, Pasenkiewicz-Gierula M, Vattulainen I, Karttunen M. 2009. Ordering effects of cholesterol and
its analogues. Biochim. Biophys. Acta Biomembr. 1788:97–121

59. Finegold L. 1992. Cholesterol in Membrane Models. Boca Raton, FL: CRC Press
60. Ohvo-Rekilä H, Ramstedt B, Leppimäki P, Slotte JP. 2002. Cholesterol interactions with phospholipids

in membranes. Prog. Lipid Res. 41:66–97
61. Marquardt D, Heberle FA, Greathouse DV, Koeppe RE, Standaert RF, et al. 2016. Lipid bilayer thick-

ness determines cholesterol’s location in model membranes. Soft Matter 12:9417–28

www.annualreviews.org • Crystalline Cholesterol: The Material 75



62. Wei C, Pohorille A. 2014. Flip-flop of oleic acid in a phospholipid membrane: rate and mechanism.
J. Phys. Chem. B 118:12919–26

63. Robalo JR, Ramalho JP, Loura LM. 2013. NBD-labeled cholesterol analogues in phospholipid bilayers:
insights from molecular dynamics. J. Phys. Chem. B 117:13731–42

64. Ermilova I, Lyubartsev AP. 2019. Cholesterol in phospholipid bilayers: positions and orientations inside
membranes with different unsaturation degrees. Soft Matter 15:78–93

65. BennettWD,MacCallum JL,HinnerMJ,Marrink SJ,TielemanDP.2009.Molecular view of cholesterol
flip-flop and chemical potential in different membrane environments. J. Am. Chem. Soc. 131:12714–20

66. Hancock JF. 2006. Lipid rafts: contentious only from simplistic standpoints. Nat. Rev. Mol. Cell Biol.
7:456–62

67. Lingwood D, Simons K. 2010. Lipid rafts as a membrane-organizing principle. Science 327:46–50
68. Schroeder F, Jefferson JR, Kier AB, Knittel J, Scallen TJ, et al. 1991. Membrane cholesterol dynamics:

cholesterol domains and kinetic pools. Proc. Soc. Exp. Biol. Med. 196:235–52
69. Frazier ML, Wright JR, Pokorny A, Almeida PF. 2007. Investigation of domain formation in

sphingomyelin/cholesterol/POPCmixtures by fluorescence resonance energy transfer andMonte Carlo
simulations. Biophys. J. 92:2422–33

70. Zachowski A. 1993. Phospholipids in animal eukaryotic membranes: transverse asymmetry and move-
ment. Biochem. J. 294:1–14

71. Bandara A, Panahi A, Pantelopulos GA, Straub JE. 2017. Exploring the structure and stability of choles-
terol dimer formation in multicomponent lipid bilayers. J. Comput. Chem. 38:1479–88

72. Mukherjee S,Chattopadhyay A. 1996.Membrane organization at low cholesterol concentrations: a study
using 7-nitrobenz-2-oxa-1,3-diazol-4-yl-labeled cholesterol. Biochemistry 35:1311–22

73. Harris JS, Epps DE,Davio SR, Kezdy FJ. 1995. Evidence for transbilayer, tail-to-tail cholesterol dimers
in dipalmitoylglycerophosphocholine liposomes. Biochemistry 34:3851–57

74. Brewster R, Safran SA. 2010. Line active hybrid lipids determine domain size in phase separation of
saturated and unsaturated lipids. Biophys. J. 98:L21–23

75. Dietrich C, Bagatolli L, Volovyk Z,ThompsonN,Levi M, et al. 2001. Lipid rafts reconstituted in model
membranes. Biophys. J. 80:1417–28

76. Veatch SL, Keller SL. 2002. Organization in lipid membranes containing cholesterol. Phys. Rev. Lett.
89:268101

77. Kahya N, Scherfeld D, Bacia K, Poolman B, Schwille P. 2003. Probing lipid mobility of raft-exhibiting
model membranes by fluorescence correlation spectroscopy. Int. J. Biol. Chem. 278:28109–15

78. Crane JM, Tamm LK. 2004. Role of cholesterol in the formation and nature of lipid rafts in planar and
spherical model membranes. Biophys. J. 86:2965–79

79. Rinia HA, Snel MM, van der Eerden JP, de Kruijff B. 2001. Visualizing detergent resistant domains in
model membranes with atomic force microscopy. FEBS Lett. 501:92–96

80. Zhao J, Wu J, Shao H, Kong F, Jain N, et al. 2007. Phase studies of model biomembranes: macro-
scopic coexistence of Lα + Lβ, with light-induced coexistence of Lα + Lo phases. Biochim. Biophys. Acta
Biomembr. 1768:2777–86

81. Ayuyan AG, Cohen FS. 2006. Lipid peroxides promote large rafts: effects of excitation of probes in
fluorescence microscopy and electrochemical reactions during vesicle formation. Biophys. J. 91:2172–83

82. Feigenson GW. 2009. Phase diagrams and lipid domains in multicomponent lipid bilayer mixtures.
Biochim. Biophys. Acta Biomembr. 1788:47–52

83. van Meer G, Voelker DR, Feigenson GW. 2008.Membrane lipids: where they are and how they behave.
Nat. Rev. Mol. Cell Biol. 9:112–24

84. Bretscher MS, Munro S. 1993. Cholesterol and the Golgi apparatus. Science 261:1280–82
85. Chakraborty S, Doktorova M,Molugu TR, Heberle FA, Scott HL, et al. 2020. How cholesterol stiffens

unsaturated lipid membranes. PNAS 117:21896–905
86. Small D. 1988. George Lyman Duff memorial lecture. Progression and regression of atherosclerotic

lesions. Insights from lipid physical biochemistry. Arterioscler. Thromb. Vasc. Biol. 8:103–29
87. BrownMS,Goldstein JL. 2009. Cholesterol feedback: from Schoenheimer’s bottle to Scap’s MELADL.

J. Lipid Res. 50:S15–27

76 Varsano et al.



88. Shepherd J. 2001. The role of the exogenous pathway in hypercholesterolaemia. Eur. Heart J. Suppl.
3:E2–5

89. Sankaram MB, Thompson TE. 1990. Interaction of cholesterol with various glycerophospholipids and
sphingomyelin. Biochemistry 29:10670–75

90. Nakanishi S, Vikstedt R, Söderlund S, Lee-Rueckert M,Hiukka A, et al. 2009. Serum, but not monocyte
macrophage foam cells derived from low HDL-C subjects, displays reduced cholesterol efflux capacity.
J. Lipid Res. 50:183–92

91. Wolska A, Dunbar RL, Freeman LA, Ueda M, Amar MJ, et al. 2017. Apolipoprotein C-II: new findings
related to genetics, biochemistry, and role in triglyceride metabolism. Atherosclerosis 267:49–60

92. Jonas A, Phillips MC. 2008. Lipoprotein structure. In Biochemistry of Lipids, Lipoproteins and Membranes,
ed. DE Vance, JE Vance, pp. 485–506. Amsterdam: Elsevier

93. Hevonoja T, PentikäinenMO,HyvönenMT,Kovanen PT,Ala-KorpelaM. 2000. Structure of low den-
sity lipoprotein (LDL) particles: basis for understanding molecular changes in modified LDL. Biochim.
Biophys. Acta Mol. Cell Biol. Lipids 1488:189–210

94. Ramms B, Gordts PL. 2018. Apolipoprotein C-III in triglyceride-rich lipoprotein metabolism. Curr.
Opin. Lipidol. 29:171–79

95. Orlova EV, ShermanMB,ChiuW,Mowri H, Smith LC,Gotto AM. 1999.Three-dimensional structure
of low density lipoproteins by electron cryomicroscopy. PNAS 96:8420–25

96. Walther TC, Farese RV Jr. 2009. The life of lipid droplets. Biochim. Biophys. Acta Mol. Cell Biol. Lipids
1791:459–66

97. Mahamid J, Tegunov D, Maiser A, Arnold J, Leonhardt H, et al. 2019. Liquid-crystalline phase transi-
tions in lipid droplets are related to cellular states and specific organelle association.PNAS 116:16866–71

98. Linton MF, Yancey PG, Davies SS, JeromeWG, Linton EF, et al. 2019. The role of lipids and lipopro-
teins in atherosclerosis. In Endotext, ed. KR Feingold, B Anawalt, A Boyce,G Chrousos,WWdeHerder,
et al. South Dartmouth, MA: MDText.com

99. Moore KJ, Sheedy FJ, Fisher EA. 2013. Macrophages in atherosclerosis: a dynamic balance. Nat. Rev.
Immunol. 13:709–21

100. Tangirala RK, Jerome WG, Jones N, Small DM, Johnson W, et al. 1994. Formation of cholesterol
monohydrate crystals in macrophage-derived foam cells. J. Lipid Res. 35:93–104

101. Kellner-Weibel G, Yancey P, Jerome W,Walser T, Mason R, et al. 1999. Crystallization of free choles-
terol in model macrophage foam cells. Arterioscler. Thromb. Vasc. Biol. 19:1891–98

102. Varsano N, Dadosh T, Kapishnikov S, Pereiro E, Shimoni E, et al. 2016. Development of correlative
cryo-soft X-ray tomography and stochastic reconstruction microscopy. A study of cholesterol crystal
early formation in cells. J. Am. Chem. Soc. 138:14931–40

103. Kruth HS. 1997.Cholesterol deposition in atherosclerotic lesions. In Cholesterol, ed. R Bittman, pp. 319–
62. Boston: Springer

104. Lonsdale K. 1968. Epitaxy as a growth factor in urinary calculi and gallstones.Nature 217:56–58
105. Frincu MC, Sharpe RE, Swift JA. 2004. Epitaxial relationships between cholesterol crystals and mineral

phases: implication for human disease. Cryst. Growth Des. 4:223–26
106. Abela GS. 2010. Cholesterol crystals piercing the arterial plaque and intima trigger local and systemic

inflammation. J. Clin. Lipidol. 4:156–64
107. Køllgaard T, Enevold C, Bendtzen K, Hansen PR, Givskov M, et al. 2017. Cholesterol crystals enhance

TLR2- and TLR4-mediated pro-inflammatory cytokine responses of monocytes to the proatherogenic
oral bacterium Porphyromonas gingivalis. PLOS ONE 12:e0172773

108. Grebe A, Latz E. 2013. Cholesterol crystals and inflammation. Curr. Rheumatol. Rep. 15:313
109. Gensini G, Dilaghi B. 2002. The unstable plaque. Eur. Heart J. 4:B22–27
110. Schroeder AP, Falk E. 1995. Vulnerable and dangerous coronary plaques. Atherosclerosis 118:S141–49
111. Virmani R, Kolodgie FD, Burke AP, Finn AV,Gold HK, et al. 2005. Atherosclerotic plaque progression

and vulnerability to rupture: angiogenesis as a source of intraplaque hemorrhage. Arterioscler. Thromb.
Vasc. Biol. 25:2054–61

112. Kaloustian J, De La Porte PL, El-Moselhy T, Lafont H, Portugal H. 2005. Thermal analysis and mi-
croscopical characterization of cholesterol in gallstones. J. Therm. Anal. Calorim. 82:331–38

www.annualreviews.org • Crystalline Cholesterol: The Material 77



113. Sömjen GJ,Marikovsky Y, Lelkes P, Gilat T. 1986. Cholesterol-phospholipid vesicles in human bile: an
ultrastructural study. Biochim. Biophys. Acta Lipids Lipid Metab. 879:14–21

114. Weihs D, Schmidt J, Danino D, Goldiner I, Leikin-Gobbi D, et al. 2007. A comparative study of mi-
crostructural development in paired human hepatic and gallbladder biles. Biochim. Biophys. Acta Mol. Cell
Biol. Lipids 1771:1289–98

115. Konikoff FM,Cohen DE,Carey MC. 1994. Phospholipid molecular species influence crystal habits and
transition sequences of metastable intermediates during cholesterol crystallization from bile salt-rich
model bile. J. Lipid Res. 35:60–70

116. Mouritsen OG, Zuckermann MJ. 2004.What’s so special about cholesterol? Lipids 39:1101–13
117. Kowalski PS,Rudra A,Miao L,AndersonDG.2019.Delivering themessenger: advances in technologies

for therapeutic mRNA delivery.Mol. Ther. 27:710–28
118. Wadhwa A, Aljabbari A, Lokras A, Foged C, Thakur A. 2020. Opportunities and challenges in the de-

livery of mRNA-based vaccines. Pharmaceutics 12:102
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